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A versatile surface processing method based on electrostatic deposition of particles and subsequent
dry etching is shown to be able to tailor the autocorrelation length of a random surface by varying
particle size and coverage. An explicit relation between final autocorrelation length, surface
coverage of the particles, particle size, and etch depth is built. The autocorrelation length of the final
surface closely follows a power law decay with particle coverage, the most significant processing
parameter. Experimental results on silicon substrates agree reasonably well with model
predictions. © 2006 American Institute of Physics. DOI: 10.1063/1.2191882
Surface roughness characteristics consist of amplitude
and spatial parameters and can often dominate the functional
properties of an interface,1 making the ability to design sur-
faces with desired roughness characteristics of great impor-
tance. Recent physical models have established that spatial
parameters, especially autocorrelation length ACL, can
greatly impact surface functions such as optical properties of
a waveguide,2subsurface stresses in coatings,3adhesion of
thin elastic films4 as well as contact mechanics and friction
behavior.5 The autocorrelation length is derived from the au-
tocorrelation function ACF and is a measure of the degree
of randomness of the surface. For surfaces that can be de-
scribed by self-affine fractal scaling, the ACL is used in con-
junction with the Hurst exponent to better characterize the
degree of randomness.4,6 This Letter presents a surface pat-
terning method with the ability to tune the ACL of the final
surface. We show that electrostatic deposition7 of colloidal
particles can be used to transfer random patterns onto a sur-
face, which then act as masks during subsequent dry etching.
This ensures that the resulting surfaces are random in nature
rather than periodic, allowing for the assumption of a Gauss-
ian distribution of the surface heights or peaks and exponen-
tial form of ACF, which are conditions obeyed by many en-
gineering surfaces1,8 and assumed in classical analyses.8,9
The distribution of particle-dependent features on the surface
is modeled as a random telegraph signal RTS,10 rather
than using popular random sequential adsorption based
techniques.11,12 This approach allows us to build an explicit
relation between the autocorrelation length of the final sur-
face and the process parameters: surface coverage and size of
the particles and etch depth. Experimental results on silicon
surfaces demonstrate the validity of our model and approach.
The proposed process is shown schematically in Fig. 1.
We used a silicon substrate and colloidal silica particles to
illustrate the process and verify the dependence of ACL on
particle coverage. A clean silicon 100 surface with a nega-
tively charged native oxide layer was achieved using a Pira-
nha etch 3:1 solution of H2O2 and H2SO4. A polydial-
lyldimethyl ammonium chloride PDDA monolayer was
deposited via dip coating to form a uniformly polycationic
layer. Silica spheres with an average particle size of 1 m
was mixed with MilliQ water and sonicated for 20 min to
form a colloidal solution into which the silicon substrate is
immersed. The negatively charged silica particles are ran-
domly attracted to the positively charged PDDA monolayer
on the silicon surface. The coverage of particles on the sub-
strate was varied by controlling the immersion time. After
immersion, the samples were rinsed in MilliQ water flow
for 5 min to remove loosely held silica particles and then
dried in clean nitrogen flow to ensure that a monolayer of
randomly dispersed particles remained on the PDDA coated
surface. Next, the samples were dry etched in a reactive ion
etch RIE chamber CF4+O2 for 25 min. During this line-
of-sight etching process, particles act as temporary masks
that result in “hillocklike” features on the substrate. The re-
maining silica particles were then removed using 49% hy-
drofluoric acid.
Figure 2 shows the final surface topography of three
samples with different coverages 15%, 33%, and 53% ob-
tained using an atomic force microscope AFM. We note
that the hillocklike features reflect clustering of particles that
occur during the drying process. Figure 2d shows the de-
tails of a hillock, which has a shape and dimensions decided
by the diameter of the particles used and the RIE etching
time. For a given particle size and etching time, all hillocks
had comparable dimensions. We note that the height of hill-
ocks increases with the etching time and reaches a maximum
value when silica particles are totally etched away.
Figure 3 plots the experimental data of ACL as a func-
tion of particle coverage from four samples at different scan
sizes 20–80 m obtained from AFM images. Here the
ACL is defined, according to traditional use in surface sci-
aElectronic mail: srirams@iastate.edu
FIG. 1. Process sequence to achieve desired autocorrelation length using
electrostatic deposition of particles and subsequent dry etching.
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ence and engineering, as the distance over which the ACF
decays to 1/e of its original value.13 The values shown are
average ACLs of the surfaces.14 It is clear that for a given
particle size and etch depth, ACL decreases with an increase
of coverage from 0.2 to 0.6. Below a coverage of 0.2, ACL
starts decreasing because at very low coverage, the effect of
hillocks becomes negligible and the surface is dominated by
RIE etching features. As a result, the practical coverage for
this process would be above 0.2. At lower coverages, the
clustering effect, which becomes prominent, results in large
scatter in the ACL values, as evidenced from Fig. 3. Al-
though the clustering effect could be minimized by using
different solvent or drying methods,15 we chose to retain the
phenomenon due to its ability to achieve larger values of
ACL compared to surfaces without clustering, especially at
lower coverage. Thus, clustering allows a larger achievable
range of ACL.
We present a statistical model to link the ACL of the
final surface to the process variables. We treat the final sur-
face as a superposition of two independent structures: that
from the dry etching process such as RIE and that from the
hillocks caused by particle coverage. For simplification, we
model the two structures as two one-dimensional 1D ran-
dom processes and the final surface as a superposition of the
two random processes. RIE is known to generate sidewall
surfaces with exponential ACF.16 It is therefore reasonable to
assume that the ACF of a flat surface processed by dry etch-
ing also follows an exponential relation
R1 = 2e−/1
*
, 1
where 2 is the variance of the surface profile, 1
* is its
ACL, and  is the shift in distance. Since for a given particle
size and etch depth, all hillocks would be identical, the entire
hillock structure is decided by the dispersion of hillocks. For
a 1D situation, a flat substrate is simplified as a straight line
and hillocks are simplified as square pulses randomly scat-
tered along the straight line. Designating the height of a hill-
ock as a and the vertical zero point to be at the half height,
we can denote regions with pulses as having height a /2 and
regions without pulse as having a height of −a /2. The ob-
served clustering can be accounted for by allowing the width
of the pulse to be a random variable, i.e., the number of
hillocks present inside the pulse is a random variable. Since
the probability to find the next pulse increases with an in-
crease of distance from an existing pulse and since the inter-
vals between any two pulses are independent, we may as-
sume that the number of pulses in a given profile length
follows the Poisson law with an arrival rate . A random
process that satisfies these features is the RTS,10 which has
been widely used in electrical engineering, for example, to
model the source/drain channel current with the presence of
defects.17 The ACF for such a RTS is R2=a2e−2 /4. The
arrival rate  of the Poisson process can be estimated by 
=n /L, where n is the total number of hillocks irrespective of
whether clustering occurs or not along a profile with length
L. On the other hand, the coverage of pulses along the profile
p1 can be calculated as p1=nd /L=d, or = p1 /d, where d is
the diameter of a hillock and typically much smaller than the
profile length L. Since a profile can be treated as the extreme
case of an area with the same length whose width approaches
zero, the coverage of pulses p1 along a profile should be
equal to the coverage of hillocks p over the area. Thus, we
have = p1 /d= p /d and can rewrite the ACF of the pulse
signal in terms of the area coverage of hillocks as
R2 = a2e−2p/d/4. 2
Following our assumption of structure independence, the
ACF of the final surface can be written as the superposition
of the ACFs of the two random process, that is, R=R1
+R2=2e−/1
*
+a2e−2p/d /4. The ACL of the final surface *
satisfies R*=R0 /e, which yields the following equation:
p/d = lna2/4 − ln2 + a2/4/e − 2e−*/1
*
/2*. 3
From Eq. 3, the autocorrelation length thus depends on the
coverage of particles p, particle size d, and etch depth a as
well as the surface characteristics resulting from the dry etch
process,  and 1
*
. In the case that *1
* and a /2
which is true for our experiment, Eq. 3 simplifies to a
simple power law *d /2p, which means that * is most
sensitive to the hillock size d and distribution p. This is
reasonable because ACL is a spatial parameter and should
not be significantly affected by amplitude changes resulting
from a and .
Based on Eq. 3, Fig. 4 plots numerical results of * as
a function of both particle coverage p and particle size d at
FIG. 2. AFM images 6060 m2, vertical scale=500 nm of final sur-
faces with a 15%, b 33%, and c 53% coverages of hillocks. d Details
of a single hillock. Approximate width is 1 m particle diameter and
height is about 120 nm.
FIG. 3. Comparison of theoretical prediction from Eq. 3 solid line and
experimental data open circles on silicon surfaces at a given particle size
and etch depth.
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constant values of , a, and 1
* corresponding to our experi-
ments. We obtained =7.6510−4 m and 1*=0.151 m
from RIE-etched bare Si100 while a was known to be
0.12 m from Fig. 2d. Figure 4 shows that * behaves
similar to a power law decay with particle coverage p, while
changing particle size d shifts the curve vertically. The mod-
el’s prediction for * as a function of p at a given particle
size 1 m for our experiments is plotted in Fig. 3. Overall,
the model shows the decreasing trend of ACL clearly and
provides reasonable estimation of experimental values, espe-
cially for coverage higher than 0.2. We note that the RTS
model may not completely address the clustering phenomena
and is most accurate at coverage close to 0.5.10
Both former work18 and our experimental results show a
linear relation between coverage p and immersion time t in
the colloidal solution, i.e., pt	 t. Substituting this relation
into the expression *d /2p, we obtain *	1/ t. This in-
verse relationship can be used as a guideline to implement
the process. We note that depending on the shape of particles
and deposition conditions, there is an upper bound for the
coverage. The largest coverage based on two-dimensional
2D random sequential adsorption model for disks is con-
jectured to be 0.5589, which has been supported by computer
simulations11 and experimental work.15 But with the exis-
tence of clustering, the maximum coverage may be slightly
larger. In the case of spherical particles, such as the silica
particles used in our experiment, the extreme case is hexago-
nal closed packed hcp or cubic close packed ccp, which
provide the highest p of 0.7405.
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